ABSTRACT: Two trials were conducted to determine whether feeding excess degradable intake protein (DIP) during a synchronized estrous cycle and the first 5 d after breeding alters early embryonic development, ovarian steroids, or BUN concentrations in ewes. Ewes were group-fed in Trial 1 (T1) and individually fed in Trial 2 (T2) either 100 (control; T1, n = 15; T2, n = 12) or 200% (high-protein; T1, n = 16; T2, n = 12) of the NRC protein recommendation for maintenance during a synchronized estrous cycle until surgery in the next cycle. Ampullae (AMP), isthmi (IST), and uterine horns (UT) of high-protein and control ewes were removed on d 2 (T1), 3 (T2), 4 (T1), or 5 (T2) after breeding. In T1, jugular blood samples were taken once daily starting on d 2 of the synchronized cycle, and in T2 on d 2, 9, 15, 16, and 17, and in both trials from estrus (d 0) to the day of surgery. Ampullae, IST, and UT flushings were examined microscopically for the presence of embryos, embryo condition, and embryo cell number. There was no trial × treatment interaction (P ≥ 0.10), so data for both trials were pooled. Concentrations of BUN were higher (P < 0.05) in high-protein-fed ewes
Introduction
Feeding excess degradable intake protein (DIP) can affect early embryonic development and survivability and reduce reproductive efficiency in ruminants (Ferguson and Chalupa, 1989; Robinson, 1996; Butler, 1998) . The mechanism for this effect may be related to the liver's ability to accommodate the challenge of excess 193 than in control ewes during the synchronized cycle and the first 5 d of the next cycle. Progesterone concentrations of the synchronized cycle did not differ (P > 0.10) between treatments. During the first 5 d of the next cycle, estradiol-17β concentrations were lower (P = 0.06) in high-protein-fed than in control ewes. Progesterone increased (P < 0.05) to higher concentrations by d 5 in high-protein-fed ewes than in control ewes. More (P < 0.05) embryos were found in AMP of high-protein-fed ewes than in AMP of control ewes on d 4. Fewer (P = 0.05) embryos were found in UT of high-protein-fed ewes than in UT of control ewes on d 4. More embryos were found in UT of high-protein-fed ewes than in UT of control ewes on d 5. Fewer (P = 0.05) embryos were found in IST of high-protein ewes than in the IST of control ewes on d 5. Embryos of high-protein-fed ewes had more (P < 0.05) cells than embryos from control fed ewes on d 5. Feeding ewes excess DIP protein during an estrous cycle and the first 5 d after breeding initially impeded embryo transport; thereafter, embryo transport and development through the oviduct was accelerated.
NH 4 production, leading to uremia or some other product of protein metabolism which in turn affects reproductive tissues and processes (Stalheim and Gallagher, 1977; Bishonga et al., 1994; Butler, 1998) . The effects of excess degradable intake protein on embryonic survival in sheep may occur early (d 4 to 11) during embryonic development (Bishonga et al., 1996; McEvoy et al., 1997) . However, these effects may occur sooner, during the initial stages of development in the oviduct. The effect(s) on the early developing embryo may be carried over into later stages of development or cause a change in the ability of the embryo to synchronize its development with uterine changes necessary to sustain it. Presently, there are limited data regarding the effect of excess DIP on oviductal embryonic development or the ovarian steroid environment associated with it in ruminants. Therefore, the objectives of this study were to determine if feeding a diet high in DIP alters blood urea nitrogen, and ovarian steroid concentration patterns, and early embryo development during the first 5 d after breeding in adult ewes. Specific hypotheses to be tested in this experiment are that feeding mature ewes excess DIP during a synchronized estrous cycle and first 5 d of the next cycle associated with breeding does not affect concentration patterns of blood urea nitrogen (BUN), progesterone (P 4 ), or estradiol-17β (E 2 ), or early embryonic development and transport through the oviduct.
Materials and Methods

Trials and Animals
Two trials were conducted in successive years of this experiment between October and December of each year. Thirty-one and 24 multiparous, 3-to 6-yr-old, western white-faced ewes were used in Trials 1 and 2, respectively. Animals were handled and cared for according to a protocol approved by the Montana State University Institutional Animal Care and Use Committee. Medroxyacetoprogesterone-containing intravaginal sponges were inserted into each ewe to synchronize estrus. Sponges were removed 14 d after insertion. Ewes were observed for estrus with the aid of sterile epididectomized rams beginning 36 h after sponge removal. Day of estrus was defined as d 0 of an estrous cycle.
Diets
On d 0 of the synchronized estrous cycle in each trial, ewes were weighed, stratified by BW, and assigned randomly to receive a diet that contained either 100 (control) or 200% (high-protein) of the NRC protein recommendation for maintenance. Ewes assigned to the control diet were fed 2.01 kg of mixed-grass hay that provided 131 g of CP. This quantity of CP meets the NRC (1985) recommendation for maintenance for a 72-kg nonlactating ewe. Ewes assigned to the high-protein diet were fed the same mixed-grass hay to supply 131 g of CP and a soybean supplement. The CP content of the soybean meal was 46%. In both trials, the supplement was fed at a rate of 359 gؒhd
. The total CP for high-protein diet was 0.259 kgؒhd
. This level exceeded the 200% of the NRC requirement for maintenance (NRC, 1985) for 70-kg ewes. Water and mineralized salt were provided for ad libitum consumption. Control and high-protein-fed ewes were placed into separate pens and fed hay and(or) the high-protein supplement beginning on d 2 of the synchronized estrous cycle. Ewes in the high-protein treatment were fed the soybean meal supplement between 1000 and 1100 each day; the hay ration was provided to ewes in each treatment immediately thereafter. This procedure was used throughout the synchronized cycle until either d 2, 3, 4, or 5 of the next estrous cycle. The number of ewes on each trial and diet is given in Table 1 . 
Estrous Detection and Breeding
On d 15 of the synchronized estrous cycle in each trial, ewes on each diet were placed with teaser rams and observed for estrus twice daily (0700 and 1700) for 1 h. When a ewe was observed to display estrus, she was hand-mated to two different fertile rams and assigned randomly to undergo surgical removal of the oviducts and uterine horns on either d 2, 3, 4, or 5 after estrus. The number of ewes on each diet that were assigned to undergo surgery on each day is given in Table 1 .
Surgical Procedures
Ewes were isolated from feed and water 18 h before surgery. A surgical plane of anesthesia was induced with an i.v. injection of thiopental sodium (12 mL; 4% solution) and maintained with halothane (1.5 to 3.0%). A midventral incision was used to exteriorize the ovaries, oviducts, and uterine horns. Number of ovulations on each ovary was recorded. Oviducts were ligated at the uterotubal junction, the isthmic-ampullary junction, and the ampullary-infundibular junction to ensure that no fluid was lost and that no transfer of fluids or contents occurred between segments. Uterine horns were ligated at the external bifurcation of the uterus. The blood supplies to the oviducts and uterine horns were then ligated, and the oviducts and uterine horns removed.
Oviductal and Uterine Flushings
Ampullae, isthmi, and uterine horns from each ewe were flushed twice with 3, 1.5, and 10 mL of Delbecco's phosphate-buffered saline, respectively, immediately after removal and separation of reproductive tract segments. Flushings from the ampulla, isthmus, and uterine horn ipsilateral to an ovulating ovary were searched microscopically for the presence of ova or embryos. In Trial 1, two trained individuals recorded the condition and number of embryonic cells for each embryo from visual inspection. In Trial 2, two digital images of each embryo were taken, each 180°from each other. These were later used for determining embryonic cell number, and zona pellucida, embryonic cell, and total embryonic cell volumes using SigmaScan imaging software (SPSS, Inc., Chicago, IL).
Blood Sampling
Blood samples (10 mL) were collected by jugular venipuncture from each ewe daily (a.m.) beginning on d 2 of the synchronized estrous cycle until the day of surgery in Trial 1, and on d 2, 9, 15, 16, 17, and 18 of the synchronized estrous cycle and daily from d 0 to day of surgery in Trial 2. Serum was harvested from each sample after clotting at 4°C, split into three aliquants, and stored at −22°C until assayed for BUN and progesterone and estradiol-17β.
Assays
Assay of BUN was performed with a kit purchased from Sigma (Sigma, St. Louis, MO); the inter-and intraassay CV were 5 and 3%, respectively. Progesterone was assayed by a solid-phase RIA with kits purchased from Diagnostic Products Corp. (DPC, Los Angeles, CA). The sensitivity of this assay was 0.13 ng/mL and the inter-and intraassay CV were 10 and 6%, respectively. Estradiol-17β was quantified in samples collected on d −1, 0, 1, 2, 3, 4, and 5 of the next estrous cycle by a double-antibody RIA using kits purchased from Diagnostic Products Corp. (DPC, Los Angeles, CA). The sensitivity of this assay was 0.22 pg/mL and the inter-and intraassay CV were 13 and 9%, respectively.
Statistical Analyses
Preliminary statistical analyses of the variables measured in this experiment indicated that there were no interactions between trial and other independent variables. Therefore, data for trials were pooled and reanalyzed. Estrous cycle length for ewes was analyzed by ANOVA using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). The model included diet only. Fisher's protected LSD test was used to evaluate treatment means. Differences were considered significant at α = 0.05.
Blood urea nitrogen, P 4 , and E 2 concentrations data were analyzed separately using a split-plot ANOVA for a completely random design with the GLM procedure of SAS. The main plot included diet. The error term to test these effects was animal within diet. The subplot included day of cycle and interaction of day of cycle with diet. Means were separated using the Duncan multiplerange test. Within class correlation coefficients among BUN, P 4 , and E 2 were generated by the CORR procedure of SAS.
Blood urea nitrogen, P 4 , and E 2 concentrations in blood samples taken from ewes on the day of surgery (d 2, 3, 4, or 5) after estrus and mating to fertile rams were analyzed by separate ANOVA using the GLM procedure of SAS with treatments arranged factorially (2 × 4). The model included the diet, day of surgery, and their interaction. Orthogonal contrasts were used to determine differences among treatment means.
Ovulation and embryo recovery rates, proportion of embryos damaged, and the proportion of embryos located in either the ampulla, isthmus, or uterine horn were analyzed by separate contingency chi-square tests (Steel and Torrie, 1980) . Cell number of embryos was analyzed by ANOVA for a completely random design using the GLM procedure of SAS with treatments arranged factorially (2 × 4). The model included the main effects of diet (control and high-protein), day of surgery (d 2, 3, 4, and 5) after breeding, and their interaction. Means were separated using orthogonal contrasts. In Trial 2, zona pellucida volume, cell volume, cell number, and total cell volume were analyzed by ANOVA for a completely random design using the GLM procedure of SAS with treatments arranged factorially (2 × 2). The model included diet, day of surgery (d 3 and 5), and their interaction. Orthogonal contrasts were used to determine differences among treatment means.
Results
Estrous Cycle Length
Estrous cycle lengths of ewes did not differ (P > 0.10) between trials or between ewes fed either the highprotein or control diet, and averaged 17.4 ± 0.3 (± SE) and 17.3 ± 0.3 d, respectively.
Patterns of Blood Urea Nitrogen During the Synchronized Estrous Cycle and 1st 5 d of the Next Estrous Cycle
There was no interaction (P > 0.10) between diet and day of the estrous cycle for BUN concentrations from d 5 of the synchronized cycle through d 5 of the next estrous cycle. In both trials, BUN concentrations after d 2 of the synchronized cycle were greater (P < 0.05) in ewes fed the high-protein than in ewes fed the control diet. Blood urea nitrogen concentrations averaged 22.2 ± 1.3 mg/dL in ewes fed the high-protein diet and 12.9 ± 1.4 mg/dL in ewes fed the control diet during this period.
Blood urea nitrogen concentrations did not differ (P > 0.10) among d 2, 3, 4, and 5 of the next estrous cycle of high-protein-or control-fed ewes (Table 2 ). However, BUN concentrations for d 2, 3, 4, and 5 of this cycle were greater (P < 0.05) in ewes fed the high-protein diet than in ewes fed the control diet (Table 2) . Within class correlation coefficients for BUN and P 4 concentrations and BUN and E 2 concentrations on d −1, 0, 1, 2, 3, 4, and 5 were less than 0.10 (P > 0.10).
Progesterone Concentrations During the Synchronized Estrous Cycle and 1st 5 d of the Next Estrous Cycle
Progesterone concentrations during the synchronized estrous cycle were not affected (P > 0.10) by diet or the interaction between diet and day of the synchronized Within a column or row, means lacking a common superscript differ (P < 0.05; SEM = 3.5).
estrous cycle (Figure 1 ). However, there was an interaction (P < 0.05) between diet and day of surgery after estrus and breeding for P 4 concentrations. The change in progesterone concentrations from d 3 to 5 was more rapid (P < 0.05) and reached a greater concentration by d 5 after breeding in ewes fed the high-protein diet than in ewes fed the control diet (Figure 2 ).
Estradiol-17β Concentrations During the Periovulatory Period and 1st 5 d of the Next Estrous Cycle
There was no interaction (P > 0.10) between diet and day of the estrous cycle for E 2 concentrations in samples collected 24 h before estrus through d 5 after breeding. However, E 2 concentrations over d −1, 0, 1, 2, 3, 4 and 5 were lower (P = 0.06) in ewes fed the high-protein diet than in ewes fed the control diet (Figure 3) . Bars that lack common superscripts differ (P < 0.05).
Early Embryonic Development and Location of Embryos
Ovulation rate tended to be higher (P = 0.08) in ewes fed the high-protein diet than in ewes fed the control diet (161 and 133%, respectively). There was no interaction (P > 0.10) between diet and day of surgery after breeding for embryo recovery or damage rates. Embryo recovery or embryo damage rates did not differ (P > 0.10) between diets or among days of surgery after estrus and breeding, and were 85.1 ± 9.4 and 7.5 ± 6.5%. Number of cells per embryo increased (P < 0.05) from d 2 through 5 after breeding in high-protein-and control-fed ewes (Table 3) . However, number of cells per embryo on d 5 in high-protein-fed ewes was greater (P < 0.05) than that for control-fed ewes (Table 3) . Percentages of embryos recovered from the ampulla, isthmus, and uterine horn did not differ (P > 0.10) between ewes fed either diet on d 2; all embryos were found in the Within rows, means lacking a common superscript differ (P = 0.05* or P < 0.05).
ampulla on this day. A greater (P < 0.05) percentage of embryos were found in the ampulla of ewes fed the high-protein diet than in the ampulla of ewes fed the control diet on d 4 (Table 3) . Percentages of embryos recovered from the isthmus of high-protein-and control-fed ewes did not differ (P > 0.10) on d 3 and 4; however, more (P = 0.05) embryos were found in the isthmus of control-fed ewes on d 5 than in the isthmus of high-protein-fed ewes (Table 3) . Fewer (P = 0.05) embryos were found in the uterine horn of high-protein ewes than in the uterine horn of control ewes on d 4 (Table 3 ). Whereas more (P < 0.05) embryos were collected from the uterine horn of ewes fed the high-protein diet than in ewes fed the control diet on d 5 (Table 3) . In Trial 2, zona pellucida volume, embryonic cell volume (per cell), and total embryonic cell volume did not differ (P > 0.10) between high-protein-fed and controlfed ewes on d 3 or 5 after estrus (Table 4) .
Discussion
The focus of the present study was on the effects of excess degradable intake protein on events associated with early embryonic development in the oviduct of ewes. We found that more embryos were present in the ampulla of ewes fed the high-protein diet on d 4 after estrus than ewes fed the control diet, and that more embryos were found in the uterine horn of ewes fed the control diet than those fed the high-protein diet. However, by d 5 all embryos of high-protein-fed ewes were located in the uterine horn, whereas 33% of embryos from control-fed ewes were present in the isthmus. One interpretation of this result is that embryo transport through the oviduct was delayed initially in the ampulla of ewes fed the high-protein diet and that by d 5 embryos from high-protein-fed ewes were rapidly transported to the uterine horn, spending much less time in the isthmus compared with that of embryos in ewes fed the control diet. Furthermore, we found that embryos released into the uterine horn on d 5 of ewes fed the high-protein diet were more advanced cellularly than those in the uterine horn of control-fed ewes. No other aspect of embryonic development appeared to be altered by feeding the high-protein diet. The mechanism for these effects is not clear. Oviductal function is regulated primarily by ovarian steroid hormones (Harper, 1994; Brenner and Slayden, 1994) . Gamete transport, fertilization, and early embryonic development take place in an E 2 -dominated oviduct. Usually, transport of ova through the oviduct to the uterus takes 3 to 4 d in the ewe (Harper, 1994) . During this phase of the estrous cycle, systemic P 4 concentrations are rising while E 2 concentrations are falling (Hafez, 1993b) . In the present study, we found that feeding ewes a high-protein diet altered ovarian steroid concentrations during the first 5 d of the estrous cycle associated with breeding. Progesterone concentrations increased to greater concentrations by d 4 and 5 after estrus in ewes fed the high-protein diet than in ewes fed the control diet, whereas E 2 concentrations were lower on d 2, 3, 4, and 5 after estrus in ewes fed the highprotein diet than in ewes fed the control diet. Increasing concentrations of E 2 act on the oviductal epithelium to increase cell number and stimulate differentiation into ciliated and secretory cells (Brenner and Slayden, 1994) . Under the influence of E 2 , the oviduct exhibits an increase in contractility supposedly as a result of an increase in β-adrenergic and prostaglandin F 2α activity (Hafez, 1993a; Harper, 1994) . The increase in contractility reduces transport through the oviduct. Progesterone inhibits this estrogenic effect, causing relaxation of the oviductal muscularis and allowing the embryo to be released into the uterus. Changes in E 2 -to-P 4 ratios might be expected to alter oviductal epithelial differentiation and secretory ability, contractility and intraluminal hydrostatic pressure gradients (Brenner and Slayden, 1994) . In some species, low doses of exogenous estrogen cause a phenomenon known as "tube locking," in which ova are retained at the isthmus-ampulla junction; larger doses of estrogen hastened transport through the isthmus and into the uterus (Dukelow and Riegle, 1974) . Harper (1964) found that in rabbits progesterone alone has little effect on transport of ovum surrogates, whereas estrogen alone can cause either "locking" of ova in the oviduct or premature expulsion to the uterus, depending on dose and timing of administration relative to entry of ova into the oviducts (Greenwald, 1967; Noyes et al., 1959; Harper, 1964) . Thus, feeding ewes a diet high in degradable intake protein altered both E 2 and P 4 concentration patterns during the first 5 d of the cycle, initially "locking" the embryos at the isthmus-ampulla junction followed by rapid relaxation due to increasing concentrations of progesterone.
Another interpretation of these results may be that either the timing of ovulation or fertilization may have been altered in high-protein-fed ewes compared with that in control-fed ewes. Oviducts of ewes were removed on d 2, 3, 4, and 5 after breeding, and the size, number, and qualitative aspects of corpora hemorrhagica were recorded. All ewes in each treatment had ovulated by the morning of d 2. The size and morphological aspects of these corpora hemorrhagica seemed identical. Furthermore, embryonic cell numbers and stage of embryonic development between treatments did not differ, at least during the first 4 d after breeding, yet embryo location differed between treatments. We concluded that timing of ovulation was probably the same for each treatment.
We found that BUN concentrations in serum of ewes increased within 48 h after the start of feeding excess degradable intake protein. Furthermore, BUN concentrations were maintained at approximately 84% higher concentrations throughout the synchronized estrous cycle and during the first 5 d of the next cycle in ewes fed the high-protein diet compared with that in ewes fed the control diet. High BUN concentrations might increase the pH within the reproductive tract and reduce motility and survival of sperm and ova (Jordan and Swanson, 1979) and impair fertility in sheep and cattle (Ferguson and Chalupa, 1989; Elrod and Butler, 1993; Bishonga et al., 1994) . However, BUN concentrations were not correlated with embryonic loss or with concentrations of ovarian steroids in the present study. Therefore, one can conclude that high concentrations of BUN are associated with but not directly related to changes in the ovarian steroid milieu or embryo transport in this study.
Another factor to consider is estrogen-dependent oviduct specific glycoprotein(s), which is released primarily into the lumen of the ampulla of the oviduct in ewes until d 4 of the estrous cycle (Murray, 1993) . This protein is localized to the zona pellucida and perivitelline space in early cleavage-stage embryos. Oviduct-specific proteins may play essential roles in processes regulating early embryonic growth, development, and survival (Gandolfi, 1991; Buhi et al., 1993) . Embryos that are delayed in the ampulla of the oviduct may be exposed longer to these proteins; embryonic growth and development is accelerated once they are transported through the isthmus to the uterine horn. This may account for the fact that the embryos recovered from the uterus of ewes fed the high-protein diet on d 5 were more advanced cellularly than those recovered from ewes fed the control diet Feeding excess degradable intake protein did not change the estrous cycle length of ewes in this study. In the present study, we found that progesterone concentrations during a synchronized estrous cycle were not affected by diet. Thus, feeding excess degradable intake protein starting at the beginning of and during a synchronized estrous cycle does not appear to affect corpus luteum function and(or) regression in mature ewes. This result supports data summarized by Butler (1998) regarding the effect of feeding high dietary crude protein on progesterone concentrations during the estrous cycle of lactating and nonlactating dairy cows and heifers. In nonlactating cows or heifers not in negative energy balance, high CP did not affect progesterone concentrations during the estrous cycle. Adams et al. (1994) reported that fecal excretion of E 2 increased in well-fed ewes. They postulated that a reduction in circulating E 2 by fecal elimination might play an important role in mediating so-called nutritional effects on reproductive events. Reducing circulating E 2 concentrations may be associated with a reduction in estradiol feedback that would be expected to enhance ovulation rate (Payne et al., 1991) . Data of the present experiment support this assertion in that ovulation rates tended to be greater and periovulatory concentrations of E 2 reduced in ewes fed the high-protein diet compared with control-fed ewes. These results support those of Robinson (1990; 1996) and Smith (1985; 1988) , who reported that high-protein supplements enhanced ovulation rates in sheep.
In conclusion, the results of this experiment indicate that feeding excess degradable intake impairs embryo transport through the oviduct and alters postovulatory patterns of E 2 and P 4 concentrations. The consequence of these changes may be that embryos are more mature before they enter the uterus, resulting in an asynchrony between uterine changes and embryonic changes necessary for maternal recognition of pregnancy or later embryonic development. In such a state, embryos may be more susceptible to adverse uterine pH conditions induced by high urea concentrations (Butler, 1998) . The end result of this cascade may be embryonic loss.
Implications
The mechanism whereby feeding excess degradable intake protein decreases reproductive rates in domestic ruminants is not well understood. We propose that feeding excess degradable intake protein alters peri-and postovulatory ovarian steroid concentrations. These changes in turn alter oviductal contractility and fluid passage. Initially, during the first 3 to 4 d, these changes impede embryo transport but thereafter accelerate transport. Reducing transit time initially results in embryos developing to later cell stages within an inappropriate segment of the oviduct. The accelerated release of embryos into the uterus at these later cell stages may interfere with the synchronization of embryo development with the uterine environment. The result may be either a disruption of the maternal recognition process or abnormal growth of the embryo such that the changing uterine environment does not meet embryonic requirements for growth. These possibilities remain to be tested.
